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NO2 VCD over eastern China dropped 
after 2011 — effect of environmental policies
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Figure 3. Relative changes (compared to 2005) in OMI PBL SO2 columns (left) and tropospheric NO2 columns (right) over the world’s five
most polluted regions: (a) and (b): Ohio River valley and southwestern Pennsylvania (ORV) in the eastern US (ORV – blue box in Fig. 2);
(c) and (d): the Maritsa Iztok power plants in Bulgaria (blue box in Fig. 4); (e) and (f): North China Plain (NCP – blue box in Fig. 5); (g)
and (h): NE India (blue box in Fig. 6); (i) and (j): the Persian Gulf (blue box in Fig. 7). Gray circles show de-seasonalized monthly columns
(see details in Appendix B). Black filled circles show annual means. Vertical bars show standard deviations. Red diamonds show bottom-up
emission estimates for power plants in ORV and from coal-fired power plants in NE India (Chhattisgarh and Odisha region – blue box in
Fig. 6).

Although both SO2 and NO2 are criteria pollutants,
and there remain jurisdictions in the US in violation of
the National Ambient Air Quality Standards (NAAQS)
for these primary pollutants, just as important is their
role as precursors of key secondary air pollutants such as
fine particles (PM2.5) and ozone. The greatest numbers
of Americans at risk for harmful effects of air pollution
are subject to exposure to these secondary pollutants (Lee
et al., 2015). By 2015, total US SO2 emissions fell to
about 1/6 of their 1970 peak, but NOx emissions only fell
substantially after 2000 and are now about 1/2 of their peak
in 2000 (https://www.epa.gov/air-emissions-inventories/
air-pollutant-emissions-trends-data). Because of these NOx

reductions, photochemical smog over the eastern US has
improved significantly over the same time period (Castel-
lanos et al., 2011; Hogrefe et al., 2011; Simon et al., 2015).
The total deposition of oxidized N (the combination of wet
and dry deposition of species such as NO2 and NO�

3 ) has
improved as well (Nowlan et al., 2014) indicating that the
efforts to control NOx emissions have been successful. As a
result of larger SO2 reductions, the SO2 /NO2 column ratio
dropped over the ORV region from its maximal values of

⇠ 4–5 in 2005 to less than 2 in 2012 (Supplement Fig. S2).
We expect a similar change in PM speciation with increasing
relative contribution of nitrate aerosols.

3.2 Eastern Europe

Europe experienced an ⇠ 80% reduction in SO2 emissions
between 1990 and 2011 (EEA, 2013). Particularly, in west-
ern Europe, after significant reduction of SO2 emissions in
the 1980s–1990s, the SO2 levels have dropped below the
OMI detection limit of ⇠ 0.2DU. There are, however, de-
tectable SO2 sources in eastern Europe (Fig. 4). The spa-
tial distribution of the observed SO2 columns at the begin-
ning of OMI mission is consistent with the spatial pattern of
SO2 concentrations derived from the surface monitoring sta-
tions for 2005 (Denby et al., 2010). Notable anthropogenic
SO2 sources include, for example, the mining and industrial
districts in Donbass region in eastern Ukraine, large coal-
fired thermal power plants around the Sea of Marmara and
those near Kahramanmaras in southern Turkey, as well as
those near Galabovo in Bulgaria, Gorj County in southwest-
ern Romania, Belgrade in Serbia, and Megalopolis in south-
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But NO2 VCD trends are steeper than  
NOx emissions trends

MEIC NOx 
emissions

OMI NO2  
(QA4ECV)

OMI NO2 VCDs and NOx emissions 
relative to 2005

MEIC emissions: Zheng et al., 2018

QA4ECV NO2 VCD  
(2017)

QA4ECV retrieval: Boersma et al., 2018

Why do NO2 VCD and NOx emission trends differ?



NO2 concentrations depend on  
NOx emissions and chemistry
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NOx chemistry differs 
between day and night, and 

from summer to winter

HOx and O3 levels partly 
depend on NOx making 
chemistry nonlinear 

NO2 concentrations depend on  
NOx emissions and chemistry

OH O3

NO2NO
O3 O3 NO

aerosols

HNO3

HOW HAS NOx LIFETIME CHANGED 
WITH CHANGING EMISSIONS?

+ 
MEIC emissions



GEOS-Chem NO2 columns consistent with QA4ECV
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GEOS-Chem NOx lifetime in DJF 3x longer than in JJA
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DJF NOx lifetime shortens at  
lower NOx emissions; constant JJA lifetime 
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Nighttime O3 increases at lower NOx emissions,  
shortens DJF NOx lifetime
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JJA NO2 trends confirm MEIC NOx emissions trends;  
DJF NO2 decreases faster than emissions
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